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Abstract
In the present study, the inﬂuence of hole on permanent magnet method is numerically investigated. Recently, permanent
magnet method have been proposed for measuring the critical current density. In this paper, a numerical code for
analyzing the shielding current density has been developed, and the permanent magnet method for measuring the critical
current density has been investigated numerically. In addition, the inﬂuence of hole in the HTS on the proportionality
of the electromagnetic force and the critical current density is numerically investigated.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ISS Program Committee.
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1. Introduction
The critical current density jc is one of the most important parameter of high-temperature superconduc-
tors (HTSs), and the contactless and nondestructive method for measuring the critical current density have
been desired. For above reasons, the various contactless and nondestructive methods have been proposed
[1, 2]. The permanent magnet method is one of the contactless method for measuring the critical current
density in a HTS thin ﬁlm. In the permanent magnet method, while bringing a permanent magnet close to
an HTS ﬁlm and moving it away from the ﬁlm, the electromagnetic force acting on the ﬁlm is sensed by a
high-resolution load sensor. As a result, it is found that the maximum repulsive force FM is approximately
proportional to the critical current density jc. This tendency implies that the value of the critical current
density jc can be easily estimated from the measured value of the maximum repulsive force FM. The per-
manent magnet method has been successfully applied to determination of the spatial distributions of jc [3],
and the detection of a crack [4]. However, it is not clear that the degradation of the measurement accuracy
of HTS with a hole or crack.
The purpose of the present study is to develop the numerical code for analyzing the shielding current
density in HTS ﬁlm with a hole, and to numerically simulate the permanent magnet method. Furthermore,
the inﬂuence of the hole for the accuracy of the jc measurement system is numerically investigated.
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Fig. 1. The schematic view of the permanent magnet method
for measuring critical current density.
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Fig. 2. Time dependence of the distance L between the mag-
net and HTS ﬁlm surface.
2. Permanent Magnet Method
In the permanent magnet method, the cylindrical permanent magnet is located above HTS whose diame-
ter is rm and whose height is hm, and the HTS ﬁlm is exposed to the magnetic ﬂux density B which generated
by permanent magnet. We show the schematic view of the permanent magnet method for measuring critical
current density in Fig. 1. The distance L between the permanent magnet and the HTS surface changes its
value according to time as follows. The value of L is ﬁrst reduced from Lmax to Lmin at a constant speed and
it is raised to Lmax at the same speed. as shown in Fig.2. Also, the time required for one period is denoted
as 2τ0. That is to say, the permanent magnet is moved with the constant speed v = (Lmax − Lmin) /τ0.
While bringing a permanent magnet closer to a HTS, electromagnetic force is induced by the shielding
current ﬂowing in HTS. In contrast, as the permanent magnet move away from the HTS ﬁlm, the attractive
force is observed and the magnitude of the force decreases gradually [5, 6]. The electromagnetic force and
the attractive force are measured by a high-resolution load sensor attached to a stainless steel rod with a
permanent magnet. The repulsive force for L = 0.0 mm is determined by extrapolating a branch of the
repulsive force hysteretic curve [5, 6]. The value is called a maximum repulsive force and is denoted by FM.
By using this measurement system to measure the values of maximum repulsive force FM of samples
with various jc, FM and jc was found to be proportional relationship. This discovery implies that the crit-
ical current density can be estimated by measuring the electromagnetic interaction between the permanent
magnet and the HTS ﬁlm without contact.
3. Numerical analysis of shielding current density in HTS ﬁlm
Firstly, following assumptions are instituted for analyzing the shielding current density in HTS ﬁlm
numerically. The HTS is disk-shaped whose radius is R and whose thickness is D = 2ε, and the area of the
circular cross-section is constant along the thickness direction (See Fig. 1). Furthermore, HTS has a hole
whose radius is Rin, and radius of HTS R satisﬁes R = Rin + Rout. From this assumption, the problem can be
treated as axisymmetric problem. Thus, the cylindrical coordinate (r, θ, z) by taking the symmetry axis of
HTS as z-direction is used for the numerical calculation. Note that the origin of the coordinate is located as
the center of HTS and the magnitude of magnetic ﬂux density at (z, r) = (ε, 0) (i.e., surface center of HTS)
is speciﬁed as BF at for the case with L = Lmin.
Secondly, let us derived the governing equation of the shielding current density in HTS ﬁlm. The
shielding current density j can be expressed by j = 1/ε∇S × ez, where ez denotes a unit normal vector
in the z-direction. The behavior of the shielding current density in HTS ﬁlm can be written in the following
time-dependent integro-diﬀerential equation.
μ0
∂
∂t
(∫ R
0
Q(r, r′)S (r′, t)r′dr′ +
S
ε
)
= −∂〈B · ez〉
∂t
− (∇ × E) · ez, (1)
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Fig. 3. Dependence of the maximum repulsive force FM and
Rin in the case with τ0 = 39 sec., jc = 1.0 MA/cm2. :
rm = 4.5 mm,: rm = 3.5 mm,©: rm = 2.5 mm.
Fig. 4. Dependence of the critical current density jc and the
maximum repulsive force FM in the case with rm = 2.5 mm,
τ0 = 39 sec. : Rin = 0.0 mm, : Rin = 1.0 mm, ©:
Rin = 2.0 mm.
Here, μ0 denotes the magnetic permeability of vacuum and bracket 〈 〉 denotes a operand for averaging z
direction. The detail of the function Q(r, r′) is deﬁned in Ref. [7]. For the initial and boundary conditions
to (1), we assume S (r, 0) = S (R, t) = 0. Note that the boundary condition at r = Rin does not necessary for
the problem. Only the condition at r = R must be needed for the problem. The values of E is calculated by
the J − E constitutive relation which is deﬁned as
E = E(| j |) j| j | , E(| j |) = Ec
( | j |
jc
)n
, (2)
where Ec denotes the critical electric ﬁeld. The values of n is adopted as the minimum number does not
aﬀect the results, and n is ﬁxed as n = 16.
Finally, the governing equation (1) and the initial and boundary conditions are discretized with respect
to time using backward Euler method. Subsequently, the problem is expressed as a weak form, and it
is discretized with respect to space using element-free Galerkin (EFG) method. Then we can obtain the
nonlinear system G(s) = 0. Here, the vector s denotes a nodal vector of the scalar function S . Note that
concrete formulation of the nonlinear system G(s) = 0 is described in Ref. [7]. The scalar function S for
each time step can be determined by solving the nonlinear system G(s) = 0, and we can obtain distributions
of time dependent shielding current density. From the values of the shielding current density, z−component
of the electromagnetic force Fz acting on the HTS can be easily derived.
4. Numerical results and conclusions
In this section, we investigate the inﬂuences of size of Rin on the maximum repulsive force FM and
jc − FM proportionality. Throughout the present study, the physical and the geometric parameters are ﬁxed
as follows: D = 2 μm, hm = 3 mm, Lmin = 0.5 mm, Lmax = 20 mm, T = 77 K and Ec = 0.1 mV/m.
The dependence of the maximum repulsive force FM and Rin is shown in Fig. 3. This ﬁgure indicates
that the values of the maximum repulsive force FM decrease as the values of Rin increase. Especially, the
value of FM in the case with rm = 2.5 mm decreases drastically. This is because the shielding current
density in HTS ﬁlm induced by magnetic ﬁeld which is generated by permanent magnet decrease drastically
in case of Rin 	 rm. From this result, the proportionality of FM and jc is destroyed. In Fig. 4, we show the
dependence of the critical current density jc and the maximum repulsive force FM in the case with rm = 2.5
mm. We can see from this ﬁgure that proportional relation breaks down as the value of Rin and jc increase.
That is to say; the proportionality can be maintained if the size of rm is relatively larger than Rin and jc 
 1.
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Fig. 5. Dependence of the critical current density jc and the
maximum repulsive force FM in the case with Rin = 1.0 mm,
rm = 2.5 mm. For the comparison, the case of Rin = 0.0
mm and τ0 = 39 sec. is plotted as symbol , and dotted
lines denote proportional relations. : τ0 = 39 sec., ©:
τ0 = 3900 sec.
Fig. 6. Dependence of the critical current density jc and the
maximum repulsive force FM in the case with Rin = 1.0 mm,
rm = 4.5 mm. For the comparison, the case of Rin = 0.0
mm and τ0 = 39 sec. is plotted as symbol , and dotted
lines denote proportional relations. : τ0 = 39 sec., ©:
τ0 = 3900 sec.
Next, we investigate the inﬂuence of approaching time of permanent magnet on proportionality of the
maximum repulsive force FM and the critical current density jc. The dependences of the critical current
density jc and the maximum repulsive force FM in the case with Rin = 1.0 mm are shown in Fig. 5 (rm = 2.5
mm) and Fig. 6 (rm = 4.5 mm). These ﬁgures indicate that the proportionality of FM and jc does not
improve as the approaching time changes in both cases. In addition, ﬁgures indicate that the proportionality
is failed if the size of hole is relatively larger than the size of the permanent magnet even if the approaching
time changes as shown in Fig. 5. In contrast, the result appears to be improved as the approaching time
changes more slowly in case of less aﬀected by hole as shown in Fig. 6. This result can be explained as
follows. The dependence of the maximum repulsive force FM on the approaching time was investigated
in Ref. [8], and the result of computation showed that the maximum repulsive force rapidly decrease as
the approaching time τ0 increase in case of jc 	 1. That is to say, FM is decrease with the increase of
approaching time and the inﬂuence of the hole decrease.
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